Abstract: In order to obtain low nuisance alarm rate (NAR) and achieve the disturbance event identification, the wavelength-division multiplexing combination of a phasesensitive optical time-domain reflectometer ('-OTDR) and a Michelson interferometer (MI) is proposed and demonstrated. The disturbance is synchronously detected by a '-OTDR and an MI. A true alarm is presented only when a real disturbance is detected by both '-OTDR and MI. Furthermore, the event identification of the confirmed real disturbance is recognized by an equivalent frequency distribution analysis on the MI signal. It is found that, by the experiment, NAR can be reduced to 1.2% from 13.5% via a single '-OTDR, with a high detection probability of 92%. Furthermore, four disturbance events can be distinguished with a 90% identification rate. Our proposed wavelength-division multiplexing of a '-OTDR and an MI is simple and low cost, no complicated algorithm is required, and only one sensing fiber is needed; therefore, it is an interesting exploration of multiplexing of '-OTDR and interferometers.
Introduction
The phase-sensitive optical time-domain reflectometer ('-OTDR) is developed to be a powerful tool for distributed disturbances sensing along an optical fiber cable and has already attracted intensive study in recent years [1] , [2] . Due to its cost effectivity and high sensitivity, it exhibits a number of potential applications in long-distance perimeter security [3] , [4] , pipeline prewarning [5] - [7] , damage detection [8] , railway safety monitoring [9] , quantitative vibration measurement [10] , and detection of ultrasonic waves [11] . Many art-of-works are proposed to improve the performances of an '-OTDR, such as sensing fiber length and spatial resolution. The sensing fiber length can be extended by Raman amplification [12] - [14] , ultra-long Raman fiber laser cavity [15] , hybrid distributed amplification [16] , and Brillouin amplification [17] . The spatial resolution can be enhanced by 2-D edge detection [18] , heterodyne detection and moving averaging and differential method [19] , two distributed fibers to eliminate sensitivity fading [5] , avoiding modulation instability-induced fading [20] , and wavelet de-noising method [21] .
Another important performance of an '-OTDR in practical applications is the nuisance alarm rate (NAR). In an '-OTDR, noises induced fluctuations cannot be distinguished from the real disturbance in the changing light intensity traces by signal processing. Therefore, high NAR is induced by intensity fluctuation, coherent noise, polarization fading and ambient noises [22] - [24] , which is more significant and challenging in practical applications [25] . One model is proposed to understand the jagged waveform of the interference fading [26] , [27] ; meanwhile, another model is to explain mechanisms of the interference fading in an '-OTDR [28] . According to these models, a frequency division system is proposed to eliminate the false signals produced by interference fading. However, further experimental investigations and theoretical analyses are still needed to study the validity of those methods for reducing NAR [28] . Hilbert-Huang transform is applied in '-OTDR for analyzing non-stationary vibration signals for de-noise [29] , and event identification; however, feasibility in a practical test still needs to be evaluated in future works.
The fluctuant background noises can be suppressed by the background energy subtraction [30] . The disturbance signal separation from the slowly fluctuant background is realized [31] . However, in [30] and [31] , details of the adopted method and influences of the timevarying environment have not been discussed. A time-space domain feature extraction method is presented for intrusion event identification and three events including walking, digging, and vehicle passing can be recognized [32] , although, feature extraction requires complex computation and the feasibility for avoiding false alarm induced by the noises is also needed to be evaluated. Three typical events, no intrusion, human intrusion, and hand clapping are effectively determined by the energy distribution features, and the NAR can be controlled to less than 2% in the test [33] . A location scheme based on the wavelet packet transform is proposed to reduce NAR due to the noises induced by frequency drift of the laser [34] . However, the using of wavelet tool, 3-layer back propagation artificial neural network in these methods reported in [33] and [34] will lead to a complex signal processing and long computation time.
Currently, methods of inducing NAR and event identification of an '-OTDR are all achieved by signal processing in '-OTDR itself; however, the using of wavelet tool, artificial neural network brings to complex algorithm and long computation time, which is a limitation in practical applications. Very few works are presented to make use of combination of fiber-optic interferometers, which are with immunity to scattering light noises in an '-OTDR, and better sensitivity to high frequency component of disturbance signals [35] . In order to achieve distributed vibration measurement with high spatial resolution and high frequency response simultaneously, composite sensing schemes merged a '-OTDR and a Michelson interferometer (MI) [36] , and Mach-Zehnder interferometer (MZI) are proposed [37] , [38] . The high frequency component of the vibration signal is measured by MI or MZI; meanwhile, the location information and low frequency component are detected by a '-OTDR. However, the reducing NAR and event identification have not been investigated by these schemes. It may be an interesting attempt to import the interferometer to the '-OTDR system to solve the problem of high NAR and achieve the best event identification possible.
In this paper, we present a wavelength division multiplexing of an '-OTDR and a MI. The '-OTDR is used to detect and locate the disturbance with 1550.5 nm pulse light. Then, the disturbance detected by '-OTDR can be confirmed by MI with 1530 nm CW light, using a MI alarm threshold to eliminate nuisance alarms produced by '-OTDR. Moreover, event identification is achieved by equivalent frequency-time distribution analysis on the MI signal. Thus, four different events of included disturbances can be distinguished.
Principles
The schematic diagram of wavelength division multiplexing of an '-OTDR and a MI is illustrated in Fig. 1 . An advantage of this scheme is just as '-OTDR, only one sensing fiber is needed, no additional sensing fiber is added. In the MI part, CW light with 1530 nm wavelength is incident to a 50: 50 fiber coupler, and further divided into reference and sensing fiber, by passing through a wavelength division multiplexer (WDM). The lights in both reference and sensing fibers are reflected by the fiber Bragg grating (FBG) 1 and 2 with central wavelength of 1530 nm, respectively, and the interference intensity at fiber coupler is detected by the photo-detector (PD) 1. The interference intensity I MI ðt Þ can be expressed as
where t is time, I 0 is the incident light intensity, Á'ðt Þ refers to the phase modulation caused by the disturbance, Á' 0 is the initial phase difference, and K is the visibility of the MI and is approximately equal to 1 for simplicity by neglecting the polarization induced fading in the single mode fiber.
The configuration of a '-OTDR is the same as conventional intensity-based OTDR, however, a highly coherent narrow linewidth laser source is employed in a '-OTDR to enhance coherent effects of the backscattered light waves rather than to avoid them. The phase sensitivity of '-OTDR results from interference of the light backscattered from different parts of the fiber within the injected pulse duration, which arrive simultaneously at the photo-detector. In the '-OTDR part, the pulse light with 1550.5 nm wavelength is incident to a fiber circulator. Then, the Rayleigh backscattering lights from sensing fiber via WDM interferences are incident to the PD 2 through the circulator. When there is a disturbance effecting on the sensing fiber, refractive index at the corresponding location is changed, and the phase of the scattering light is modulated, which causes change of intensity owing to interference. Time when the disturbance happens is corresponded to the disturbance location. The detection and location of the disturbance can be achieved via processing the '-OTDR signal by the moving average and difference method [34] . The time delay corresponding to the peak point of the intensity difference curve has a following relationship with distance L of the sensing fiber, which can be expressed as
where n is the refractive index of the fiber core, and c refers to the light speed in vacuum. The spatial resolution Áz depends on the width of the input pulse T P , which can be shown as
The flow chart of detecting, locating and event identification for the disturbance by our proposed method is shown in Fig. 2 . The appearance of a disturbance is detected by an '-OTDR and a MI synchronously. A true alarm for real disturbance presents only when the disturbance is detected by both '-OTDR and MI. Otherwise, the detection of disturbance is canceled to reduce the NAR induced by a single '-OTDR. When a real disturbance is confirmed, the locating of disturbance is achieved by the '-OTDR. Even more, the event identification can be achieved by equivalent frequency-time distribution analysis on the MI signal.
Nuisance Alarm Rate Reduction
The feasibility and efficiency in reducing the NAR by our proposed method are tested and validated by experiment. The pulse laser for an '-OTDR is realized by a CW narrow line width laser with ∼1 kHz at 1550.5 nm modulated by an acoustic-optic modulator (AOM) with the repetition frequency of 10 kHz. The pulse width is 0.2 s, so, the resolution in locating disturbance is around 20 m by (3) . Then the pulse light is amplified by an EDFA. The CW laser for MI is a narrow line width laser with ∼50 kHz at 1530 nm. The sensing fiber cable is around 6 km in length. The lights are detected by a PD 1 and PD 2. Then, the original Rayleigh backscattering intensity from '-OTDR and interference intensity from MI are transformed into voltage signal and acquired by the acquisition card. The sampling rate for PD 2 in '-OTDR is 10 MS/s in each trigger period, and the sampling rate for PD 1 in MI is 2 MS/s. Finally, the signals are processed and analyzed by a computer in real time. The signal of the '-OTDR is processed with the method of moving average and difference [34] . In the experiment, a true alarm is produced by a real disturbance, which is induced by an artificial hitting to the fiber cable, and the real disturbance can be detected by both '-OTDR and MI. However, a false alarm may be presented by the '-OTDR, without a real disturbance, and this false alarm is produced by the noises in '-OTDR.
In particular, the difference curves after averaging 10 periods is shown as Fig. 3 . An artificial disturbance induced true alarm is presented at 1.8 km, and a noises induced nuisance alarm is presented at 4.6 km by '-OTDR. From Fig. 3 , it is found that the true and nuisance alarms cannot be distinguished by a single '-OTDR, and therefore, high NAR is induced. With the purpose of distinguishing whether there is a real disturbance, the MI is used to detect and confirm the alarms. The signals detected by MI at the same time as presenting true and nuisance alarms by '-OTDR (as shown in Fig. 3 ) are shown in Fig. 4 . It is clear that the peak to peak values for true and nuisance alarms are significantly different as 4.9790 V and 0.4980 V, respectively. The MI signals are not affected by the noises of '-OTDR, which means that the true and false alarms that are confused by a single '-OTDR can be distinguished by the MI. So, the peak to peak value of MI signals can be utilized to judge whether there is a true alarm or a nuisance one. To determine the threshold of the peak to peak value, we sampled the MI signals for 100 times with a real disturbance and 100 times without disturbances, respectively. The results are expressed in Fig. 5 . The mean and standard deviation of the peak to peak values in case of real disturbance are 4.9116 V and 0.2797 V, respectively. Meantime, the mean and standard deviation of the peak to peak values without disturbances are 0.4988 V and 0.0173 V, respectively. As a result, it is necessary to obtain a MI alarm threshold of the peak to peak value of the MI signals to judge whether there is a real disturbance. Here, the MI alarm threshold Th can be approximated as
where VV 0t and VV 0n are the mean of peak to peak value of signals for true and nuisance alarms, respectively. Thus, when the peak to peak value is greater than 2.2064 V, a disturbance is detected; otherwise, there are no disturbances, which are used to reduce the NAR of a single '-OTDR. Next, the NAR of our proposed wavelength division multiplexing of '-OTDR and MI is evaluated in the experiments. The artificial disturbances are induced by four events including sloshing, pulling, knocking fiber cable and vibration near the fiber cable. For every type of disturbances, the testing samples containing 100 events during 72 hours to obtain the probability of detection ðP D Þ, and the nuisance alarms are recorded at the same time to calculate the NAR by NAR ¼ n N n total (5) where n N and n total are the number of nuisance alarms and total alarms during the test, respectively. The experimental results of P D and NAR are shown in Table 1 . The NAR using the single '-OTDR is 13.5%, when using the multiplexing of MI, the NAR is reduced to 1.2%, which means the multiplexing of '-OTDR and MI can reduce the NAR effectively with an accepted P D of ∼92%. The differences of P D among different disturbance events are in the accepted fluctuation range owing to the statistical data.
Event Identification
In practical applications, it is very important to distinguish the event of disturbances to remove some unnecessary alarms. Four different typical disturbance events including sloshing, pulling, knocking and vibration near the fiber cable are investigated to be distinguished by the MI signals. Wavelet based methods are complex and have long computation time; hence, it is difficult for practical applications. The Fast Fourier transform (FFT) based method is simple; however, it is only effective to analyze the frequency spectrum of stationary and periodic vibration signals [35] . For non-stationary and instantaneous signals, such as the knocking and hitting of fiber cable, FFT is not able to reveal the inherent feature within the signal. We have proposed and investigated an equivalent frequency-time distribution analysis based event identification method for the fiber-optic distributed sensor using dual-Mach-Zehnder interferometer [39] . We found that the frequency-time distribution of different disturbance events can be effectively distinguished. The MI signal I MI ðt Þ is filtered to remove the DC component and sampled with N sampled points and sampling frequency f s ¼ 2 MHz. Then, the sampled I MI ðnÞ, here n is the number of sampled points, can be divided into M segments, and the total sampled points for every segment is N=M. For the ith segment, the times for passing through zero voltage is noted as Z ðiÞ and the rate of Z ðiÞ to N=M can be defined as the passing through zero voltage rate F ðiÞ. On the assumption that I MI ðt Þ can be approximated to be a Cosine function, the equivalent frequency f ðiÞ can be calculated by
Then, the equivalent frequency-time distribution can be obtained by (6) . In order to investigate the equivalent frequency-time distribution for different disturbance events, the filtered signals and the corresponding equivalent frequency-time distribution are shown in Fig. 6 . For comparing, the power spectrums by FFT are shown in Fig. 7 . It is very difficult to distinguish the four disturbance events by FFT analysis, because FFT can not present the frequencytime distribution i.e. the fluctuation of frequency in the duration of the signal. However, equivalent frequency-time distribution can illustrate the information of the fluctuation of frequency in the duration of the signal. The signals for different disturbance events have the similar power spectrums by FFT (as shown in Fig. 7) , however, they produce very different equivalent frequency-time distribution (as shown in Fig. 6 ), which can be utilized to realize the event identification. It is found that there are distinct differences among equivalent frequency-time distributions for different disturbance events, as shown in Fig. 8 , in detail. It is believed that the reason for the distinct differences is due to that the high and low frequency components of disturbances of different events affect on the optical fiber during different period. Therefore, the macro-envelopes (see the red line in Fig. 8 ) of the equivalent frequency-time distributions are distilled by sampling the maximum values of equivalent frequency during per 4 ms period, and used as the basic identification feature. In order to remove the influences of statistics, the macro envelope features of every event type are calculated by an average value for every event with 10 samples per event disturbance as shown in Fig. 9 . The event identification can be realized by obtaining the equivalent frequency-time distribution and then by comparing the distribution with the four macro-envelopes features to obtain the most analogous event among the four types. The comparison can be achieved by certain methods, in order to and f ðiÞ is the equivalent frequency-time distribution of disturbance to be distinguished. Then, the disturbance event can be determined to be one of A; B; C; and D events due to the case of minimal value of D A;B;C;D . Next, the identification rate ðIRÞ of our proposed wavelength division multiplexing of '-OTDR and MI is evaluated in the experiments. The artificial disturbances are also induced by four events described above. For every type of disturbances, the testing samples containing 100 events during 12 hours. Then the experimental results of IR are shown in Table 2 . The IR for the four disturbance events can be achieved to be ∼90%, which confirms the feasibility of our proposed method. The differences of IR among different disturbance events are in the accepted fluctuation range due to the Statistics. Some details about the extension of this work in practical applications in future works are discussed as follows. First, the frequency range of disturbances that are time-varying signals, can cover from a few Hz to hundreds of kHz, or even to tens of MHz. Theoretically, the detected frequency range of MI can be very wide because it is mainly limited by the sampling rate of data acquisition. The feasibility and performances for detecting high frequency disturbances such as acoustic and ultrasonic waves by this proposed method with high sampling rate MI can subsequently be evaluated. It is important to note that interferometers based distributed disturbance sensing have no capability of locating the multiple disturbances simultaneously. However, in this proposed multiplexing method, MI is used only to detect and distinguish disturbance and not to locate it. Therefore, it is necessary to demonstrate the feasibility of detecting and distinguishing multiple disturbances further.
Conclusion
In conclusion, we proposed and demonstrated a wavelength division multiplexing of '-OTDR and MI for reduced nuisance alarm and event identification. An alarm for a real disturbance is triggered only when the disturbance has been detected by both '-OTDR and MI, synchronously. The NAR can be reduced down to 1.2% from 13.5% of a single '-OTDR with a high P D of 92%. What is more, the event identification of the confirmed disturbance is realized by the equivalent frequency distribution analysis on the MI signal. Four events of disturbances including sloshing, pulling, knocking fiber cable and vibration near the fiber cable are distinguished with the identification rate of ∼90%. Our work has a potential to provide a simple and low cost method, which is not only to suppress the high NAR of current single '-OTDR but to improve the capability of event identification with no requirement of complex algorithm and additional sensing fiber added.
